A Survey of TCP over Mobile Ad Hoc Networks by Al Hanbali, Ahmad et al.
HAL Id: inria-00071406
https://hal.inria.fr/inria-00071406
Submitted on 23 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
A Survey of TCP over Mobile Ad Hoc Networks
Ahmad Al Hanbali, Eitan Altman, Philippe Nain
To cite this version:
Ahmad Al Hanbali, Eitan Altman, Philippe Nain. A Survey of TCP over Mobile Ad Hoc Networks.
[Research Report] RR-5182, INRIA. 2004. ￿inria-00071406￿
IS
S
N
 0
24
9-
63
99
   
   
 IS
R
N
 IN
R
IA
/R
R
--
51
82
--
F
R
+
E
N
G
ap por t  
de  r ech er ch e 
Thème COM
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
A Survey of TCP over Mobile Ad Hoc Networks
Ahmad Al Hanbali, Eitan Altman, Philippe Nain
N° 5182
May 2004
Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles, BP 93, 06902 Sophia Antipolis Cedex (France)
Téléphone : +33 4 92 38 77 77 — Télécopie : +33 4 92 38 77 65
  	
	 		  "!$#%'&)(%+*-,./021
3547698;:<35=>?8;@BAC8;=EDGFIHJDLKM8;@<35=LKN698;@+FIO	4PDQ=EDQRPRTSVU58;DE@
WX-YZ2[]\^`_ba
cCdfehgi[jlk_nmh[okijfdGe
pmrqsqteudvjwx[Jdf[zylX-[dlylXs[|{;}C~szua_mN?huhJahq-mhu[zk
?zMsrr WXs[VWdlmh{-kGZ2kfkver{<\Teu{ujfdGeucCdfehjfeyerEW\+c+mukwx[okvr{s[owjGe9qsdGeMwx[df[mrs[
[z{-wjGer[z{-w wx[z¡r[zdGner¢+wsmhjfm?eMr[zd¤£s{-dG[z¡mhs[{s[ji+erdf¥xk¦	§¨{©qsdlmryjGy[uª«Ze¬kijJW\+c­wx[q-¡eMZ2[{¬jfk
XtmNr[J;[[{®ymrdG[¢L£s¡5erqxjf¡Z2¯[zw¡{njfXs[]yer{¬jG[°jeh¢IdG[ow{s[ji+erdf¥xk¦§¨u{serdf{s2jGXs[]qsdferq;[dGjG[zker¢
df[[zkfk_ers[	±wn²exyJ³[jiTeudG¥xkJQ_±³´Wklyzmh{¡[omrw?jGeW\+cZ2qs[Z2[{¬jfmhjGer{-kµjfXnqteerd
q;[dG¢LerdfZ'mh{-y[r¦§¨{¶erdlwx[d	jGeVmuwsmhqsjW\+c|jfe®_n±¤³´IW·[{¡dfer{sZ2[z{ujoª7¡Z2qsdfeMr[zZ[z{¬jfk	XtmNr[;[[z{
q-dGeuqte¬kv[ow2¡{jGXs[¸¡¡jG[zdfmhjG£sdf[jfe]X-[q?W\+c¹jfe]wx¡º»[df[{¬jGmMjf[¤;[ji+[[z{'jGXs[`wx¡º;[zdG[z{¬jTjiq;[zk+eh¢Beukfkv[ok¦
§¨{twx[[ow«ª7¡{¶_±³´Wkeukfkv[ok/mhdf['{serjmhmNk/wx£s[jfe{s[jiTeudG¥®yer{-r[zkvjGer{¼ª7muk	¡j]k	Z2eukvjG®jGXs[
yzmrkG[	{¡df[zw{s[ji+erdf¥xk¦§¨{jGXsk¸dG[zqteudvjoªt+[/qsdf[zkG[{¬j¤mr{eMr[zdG[½eh¢CjfXsk¤kGkG£s[]mr{-wm?wx[jlmh¡[ow
mr{-mhxkvkeh¢PjGX-[	Z'mMgierd¢Emuy¾jferdlk¡{reu¡u[zw«¦§¨{5qtmhdGjGy£smhdoªxT[	kGXseM½XseM¿W\+cyzmh{;[/mMº»[zyjG[zw5
Z2eus¡¡jimh{-wneM+[d¸mNu[dlkqsdfehjGexyerk¦`§¨{Vmuwswx¡jGer{Bª»+[]df[[­jfXs[]Z'mr¡{VqsdGeuqte¬kGmrkXsylXVmhZ
mhjmrwsmrqxjG{s'W\+c¶jGe_n±¤³´IW¿[{¡dfer{-Z[z{¬jz¦
ÀnÁ¬Â»ÃfÄ/Å MÆPr _er-¡[±w¹²exy³[ji+erdf¥xkªPW\+cªdGeu£xjG{snqsdfehjfexyerªPq-mryl¥u[jJ¡e¬kGkzªPqteM+[d/yer{x
kvjGdlmh{¬jzªsydGe¬kGk+mNr[do¦
  *`*-!?ti  B* !5  !
	?1 11/	1  "! # '&
    W\+c½! "$#&%'"#!")(+*,"#-"./")( m10j0`yeu{2£?qteu£sd¢Ler£-dG{sd+£s{5kG[dfy[¤wx[¸jfdfmr{-ki
q;erdGjPws[T;er£xj7[{]teu£xj3tmhs[r¦P±£yer£-dfkPwx[zkPmh{tkªhwx[ok¼u[dlkver{tk¼kG£-yy[zkfkvr[ok¼wx[W\+ceu{ujP£/[Bgier£-dzª
w-mh{-k[	s£sj¤w4 erqxjf¡Z2kv[zd¡[okq;[dG¢LerdfZ2mr{-y[okwx£nqsdfehjfexyer[r¦TW¼eu£xjG[¢Lerkª;y[zkmhZ50¡eudfmhjGer{-keu{¬j60j0
d/0zmr¡k0[zk¤£s{s87¬£s[Z2[z{uj	wsmr{-k`[2yer{¬jG[°jG[2wx[zk`d/0zkG[zmr£x°93-mhdG[okªByerZ2Z2[]!4 §¨{¬jf[df{s[jo¦;:<4 mNuY{s[zZ[z{¬j
ws[zk¸d0okv[omh£x°kfmh{-k&3-ªB[z{Vq-mrdvjfy£s¡[zd¸[zk¸d/0zkG[zmr£x°mrwX-eyZ2er-¡[zkzªBmZ2k>=	gieu£sd	wx[ok¸yerZ2q;erdGjG[
Z2[z{ujlkJ{-w?0zkGdfmrs¡[ok	wx[W\+cPª7u£-Tw?0zrdlmrwx[z{uj`¢Leudvjf[Z2[{¬j	[zk	q;[dG¢LerdfZ'mh{-y[zk'LjG[Z2q-k]wx[d/0q;er{-kG[rª
w0mhª«[jfyr¦ ¦]cC£-kG¡[z£sdlk¸yer{¬jGdfs£xjGer{tk¤kGmr{¬j@=5mrwsmrqxjG[zd`W\+c½mh£s°d/0zkG[zmr£x°kGmr{-k&3-Cer{¬j`d0oy[zZ]
Z2[z{uj&0j0]qsdferq;euk0[zkz¦A:'4 erxgi[oy¾jG¡¢Iwx[]y[j¤mrdvjfy¡[J[okij`w4 wx[z{¬jGB3-[d¤¡[okqsdfersYZ2[okkvqC0zyD3C7u£-[zkE0zkF=
!4 £xjG¡kfmMjGer{©wx[W\+c½wsmh{tk`¡[ok`d0okv[omh£x° kfmh{-k@3tC[j
=?¢EmhdG[2[2qteu¡{¬j/kG£sd`¡[ok	wx[df{sYdf[zk`kGer£xjGer{-k
q-dGeuqte¬kG0z[zk+qteu£sddf[Z50zws¡[zdz¦
HÅ o Ã JI  . p0okv[omh£x°­Z2ers[9kGmr{-k93tQªW\+cª¸qsdfehjfeyer[ wx[ dfer£xjlmhu[rªJq;[dGjG[¶ws[ q-mJ7¬£s[jzª
yer{¬jGdlmh{¬jG[`wx[Jqs£skfkGmr{-y[u¦
  	 "
 <% *
 ")    
  	/*P'!&*P1	
_ners¡[T±w	²exy³[ji+erdf¥xkIQ_n±¤³´IWPklmrdG[IyerZ2qs[°	wxkijfdGs£xjf[zw	kGxkijf[Z'k«jfX-mMj7yeu{-kvkvj¼eh¢sdG[z¡[okGk
Z2eus¡[{sexwx[okCjfX-mMjTyzmh{¢Ldf[[2mh{-w'wx{-mrZ2yzmh¡kv[zµ¢  erdfumr{s¡¯z[r¦§¨{2jGXskImN	jfXs[]¢LerdfZmrdG-µjfdfmrdGuª
mr{-w'jf[Z2q;erdlmhdfvmuwXsexy`{s[ji+erdf¥xkIjferq;ereru¡[okªmh¡eM{s2wx[y[okjfe'kv[omhZ2¡[okGkG'¡{¬jG[zdfyer{s{-[zy¾j{
mrdG[omrk¡jGX{-eqsdf[ [°xkvjG{s'{x¢LdlmrkvjGdf£-y¾jf£sdG[u¦p[zy[{¬jGrªtjGXs[]¡{¬jfdGexwx£-yjGer{ner¢7{-[­qsdfehjGexyerkkv£tylX
muk+¡£s[jGeehjfX¡	ªs§i´´I´ r¬x¦r  Pmh{tw?²¬q;[dfmh{ !mhdf[`Z'mh¥¡{-'qte¬kGkfkvs[¸jGXs[	wx[zqseM¬Z2[z{ujer¢
_±³´Wk¢LeudyerZ2Z2[dlymh;qs£sdfq;eukG[zkz¦7±¤kmdG[okv£s¡jzªxyer{-kGws[dlmhs[¤df[zkG[zmrdfylX'[º;eudvjlk+X-mNr[¸t[z[{5qs£xj
eu{jfXsk{s[­ylX-mr¡[{su¡{-]dG[z¡[okGk+[z{¬dGeu{sZ2[{¬jz¦
W\+c¿EWdfmr{-kvZ2kGkGer{\Ter{¬jGdfer;cCdfehjGexyer CmrkIwx[okvr{-[zw2jfe/qsdfeMwx[dG[z¡mhs[[z{-wjGeh [{tw'wx[¡¬
[zdG¤eh¢swsmhjfmeMr[zd«£s{sdf[mrs[C{s[ji+erdf¥xk¦«§¨{`jfXs[eudGuªoW\+cnkGXser£-w`;[I{-wx[q;[{twx[{¬jer¢ujfXs[Ijf[zylXs{-ererr
er¢IjGX-[]£s{twx[df¡{s{x¢LdlmrkvjGdf£-y¾jf£sdf[r¦`§¨{ q-mrdvjfy£smhdoª;W\+c½kvX-er£swn{serj`yzmhdf[/Xs[jGXs[zd¤jfXs[§¨{ujf[df{s[j
cIdGerjGexyeu	L§ick'df£s{s{s{s©eMr[zddf[zw¶erd'dG[z¡[okGk2yeu{s{s[oy¾jGer{tk¦§¨{ qsdlmry¾jfy[rª+µjwse¬[ok2Z'mMjvjf[d
;[zyzmh£-kG[/Z2e¬kijJW\+c¿ws[qseMZ[z{¬jfk¤X-mNr[]t[z[{Vyzmhdf[¢L£s5euqxjGZ2¡¯z[zw -mrkG[zw er{VmukGkG£sZ2qxjf¡eu{-kjfX-mMj
mrdG[	kGq;[zyB3ty`jfedG[ow5{s[ji+erdf¥xk¦§¨r{-erdf¡{sjfXs[/qsdferq;[dGjG[zkeh¢C¡df[[zkfkjfdfmr{-kvZ2kGkGer{nymr{n¡[omrw5jGe
W\+c Z2qs¡[zZ2[{¬jfmhjGer{-k¡jGXq;e¬eudqt[zdv¢LeudGZ'mr{-y[u¦
§¨{_n±³¤´IWPkªTjGXs[Z'mh{9q-dGeus¡[zZ eh¢¤W\+c.¡[ok2¡{¶qt[zdv¢LeudGZ2{s®yer{su[zkvjGer{9yer{¬jGdfer+{ yzmrkG[
er¢eukfkv[ok	jfX-mMj'mhdf[{serj{-wx£ty[zw9¹{s[ji+erdf¥¹yer{-r[zkvjGer{¼¦"x¡{-y[?-µj'[dfdferd/dlmMjf[zkmhdf[u[df®eM
{5¡df[zw?{s[ji+erdf¥xkª{s[omhdf¡mr¡BW\+c u[dlkver{-kT{seMmrwsmNxk+mrkfkv£-Z[¸jfX-mMjq-muyl¥r[jlk+¡e¬kGkG[zkmhdf[Jwx£s[¸jGe
yer{su[zkvjGer{B¦7\Ter{-kG[ 7¬£s[z{ujf¡uªMXs[{mqtmryl¥r[jk7wx[jf[zy¾jf[zw/jGe¸t[+eukvjzªM[¡jGX-[d7`jGZ[zer£xjCeud`jGdfqs¡[
ws£sqsyzmMjG[owV±\$#JkzªBW\+c½kveMk`wxeM{jfXs['kv[z{-wx{sdfmhjG[¬muwNgi£-kvjG{sµjlkJyeu{sr[okijf¡eu{¡{twxeM¾¦
§¨{?jGX-[	ymrkG[¸eh¢¼jf¡Z2[zer£xjoª-W\+c9[z{¬jG[dlk+¡{5jfXs[JkveM<kvjfmhdGjqsX-mukv[`kv[jvjf¡{s2¡jfky£sdfdG[z{ujyeuru[zkvjGer{
{-wxeM½jfe r¦¤§¨{jfXs[]yzmrkG[	eh¢CjfdGqs[wx£-qs¡ymhjG[ow±\$#Jkª»W\+c [z{¬jG[dlkjfXs[]yer{su[zkvjGer{mNuerwsmh{-y[
q-X-mrkG[? Xtmh¬{s©¡jfk'y£-dGdf[{¬jyeu{sr[okijf¡eu{9{-wxeMJ¦&%{x¢Leudvjf£s{-mMjf[rª+¡df[[zkfk{s[ji+erdf¥xk]kG£xº»[d
¢LdferZ·kG[u[dlmhtjiqt[okeh¢¼eukfkv[okTjGX-mhjmrdG[¤{sehjdf[mMjf[zw'jfeyer{su[zkvjGer{BªZ'mh¥{s2W\+c9{serjmrwsmrqxjG[ow'jGe
jfXsk[{¡dfer{-Z[z{¬jz¦
³£sZ2[dfer£-k[{sX-mr{-y[zZ2[{¬jfk¤mh{-wneuqxjGZ2¡¯omMjf¡eu{-kX-mNu[Jt[z[{q-dGeuqte¬kv[oweMr[djGXs[]mukij¢L[z|r[omhdlk
jfe/Z2qsdGeMu[W\+c¹q;[dG¢LerdfZ2mr{-y[eMr[der{s[Xseuq'¡df[[zkfkE{sehj+{s[zy[zkfkGmrdGmrw'X-eyoC{s[jiTeudG¥xkz¦WXs[okv[
Z2qsdfeMr[Z2[z{ujlk{-y£-wx[2{x¢LdlmrkvjGdf£-y¾jf£sdG[]-mrkG[zw(' :¼±¤³k tªB~xª*)xª,+- ª«Z2ers¡[2y[z¡£smhd`{s[jiTeudG¥{s
[z{¬dfer{sZ2[{¬jlk. sª0/!ª+mh{-w kGmhjG[z¡µjf[{s[ji+erdf¥xk.zxªu1 ¦_n±¤³´IWPk'{sXs[zdG¡jkv[zr[dlmh+¢L[omMjG£-dG[ok]er¢
jfXs[zkG[/{-[ji+erdf¥kzªs{ q-mrdvjfy£smhdXsrX sµj¸[dfdGeuddlmMjG[okmr{-wnq-mhjGX mukvZ2Z2[jGdfrª»mh{twnmrwswn{-[|qsdferx
[Z'k¤jGXtmMj	yeuZ[¢LdferZ Z2er-¡µjimr{-wVZ/£s¡jG¡X-erqVyerZ2Z/£-{syzmMjf¡eu{-kªBkG£-ylX®mrk¸{s[ji+erdf¥nq-mrdvjfµjf¡eu{-kª
dfer£sjG[¸¢Emh¡£-dG[okªsmr{-wX-wsws[{¹Leud[°xqte¬kv[ow-jG[zdGZ2{-mhk¦
'®[5ymukGkG¡¢LVjfXs[5Z2mr¡{ mhqsq-dGe¬mrylXs[ok`jGX-mhj2mr¡Z jfe Z2qsdGeMu[W\+c.qt[zdv¢LeudGZ'mh{ty[{ _n±¤³´IWPk
{¶jiTe¹ymhjG[zrerdf[zk-25ydGe¬kGkmNr[dqsdferq;eukfmhk2mh{-w¶mNu[df[zw9qsdGeuqte¬kGmrkz¦9§¨{ydGe¬kGkmNr[d2qsdferq;eukfmhkzª
W\+c©mr{-w2µjlkC£s{-ws[df¡{s`qsdGerjGexyeuk7+erdf¥gieu¡{¬jGr¦43seudI[°smrZq-¡[uªuyeu{-kGwx[zdfmrs[TZ2qsdGeMu[Z2[{¬jlkCmhdf[
q;eukfkG¡s['Xs[z{ W\+c|ymh{¹wx¡º»[df[{¬jGmMjf['t[jiT[z[{¹q-muyl¥r[jJeukfkv[ok	wx£s[jGeyeu{sr[okijf¡eu{ jfX-mMjkvXseu£sw
muy¾jf¡MmMjf[IjfXs[yer{-r[zkvjGer{	yer{¬jGdfermhreudG¡jGX-Z5ªMmr{-w	eukfkv[ok¼wx£-[TjfejfXs[kvq;[zyD3ty¢L[zmhjG£sdf[zkeh¢»_n±³¤´IWkz¦
§¨{erdlwx[djGe]wseJjGX-mhjzªxkGerZ2[qsdferq;eukfmhkIkG£sru[zkvjIjGXtmMjTX-[{'jfXs[¤dfer£sjG{s	mNr[dTwx[jf[zy¾jlkTm/dGeu£xjG[¢Emhµ
£-dG[uªt¡j¤{serjGB3-[zkjGX-[]W\+c kG[{-ws[d¤mrteu£xj¸mdGeu£xjG{s'¢Emr¡£sdf[5oªP-xªP-ªN~ª)  ¦%q;er{ dG[oy[¡{-
6,687:9<;=?>1@
   ( 1/)(     ( #5)	  : 
jfXsk]{-ehjGB3tyzmMjGer{¼ªW\+c.kG[{twx[d2[{¬jf[dlk]m
VkvjfmMjf[r¦ §¨{9jGXsk'kvjfmMjf[rªW\+ckvjGerqtk]kG[{-ws¡{s
w-mMjfm5q-muyl¥r[jfkzª¼mh{-wV¡jJ¢LdG[z[¯[okJmhI¡jfkJMmhdfmhs[zk¤jGejfXs[d	y£-dGdf[{¬jJMmh£s[rªPkv£-ylX©mrk¸jfXs[yeu{sr[okijf¡eu{
{-wxeM½mh{-w?jfXs[	df[jGdlmh{tkvZ2kGkG¡eu{jf¡Z2[do¦±¢ jG[ddGeu£xjG[Jdf[ [zkvjfmrs¡kGXsZ2[{¬jzªsW\+ckG[{-wx[zdre[ok-mryl¥
jfe5jGXs['{seudGZ'mr7kvjfmhjG[u¦§¨{©mNr[zdG[owqsdferq;eukfmhkª»jfXs[2qsdfers[Z'k`eh¢W\+c½k	mhjvjlmryl¥r[ow mhj`eu{s[2eh¢+jGXs[
^ "x§mNr[dlkz¦43-erd[°xmrZ2qs¡[uªs{  +BjGXs[	mr£xjGX-erdlk£-kv[	muwsmhqsjGr[JW\+cwx[mNr[ow?±\$# jGe'df[zwx£-y[`jGXs[
yer{¬jG[z{¬jGer{2er{2dG[z¡[okGkIylXtmh{s{s[zQ¦P§¨{ z  ªhjfXs[mh£sjGXseudfkCq-dGeuqte¬kv[+ji+eJ¡{s¥mNu[d7jG[oylXs{s87¬£s[zkzªuyzmh¡[ow
:¼¡{-¥p´.mh{-w5mrwsmrqxjGr[`q-muy{s-ªjfe2¡Z2qsdfeMr[`W\+c qt[zdv¢LeudGZ'mh{ty[r¦
WXs[/dG[okijeh¢7jfXs[JdG[zqteudvjkeudG¬mh{s¯[owmrk¢Ler¡eMk-2C§¨{ "[zyjGer{T[	wskfy£-kfkW\+c4 kylX-mr¡[{-r[zk
{_n±³¤´IWPk[{dGeu{sZ2[{¬jz¦C§¨{ "[oy¾jGer{ 2+[	kv£sdfr[z'q-mhq;[dlker{nW\+c q;[dG¢LerdfZ2mr{-y[`eMu[dZ2ers¡[
df[[zkfk¼Z]£sµjfµ Xseuq]mrw/Xsexy{-[ji+erdf¥kz¦B§¨{ "[zyjGer{/¸+[Tdf[[©jGX-[TZ'mh{/q-dGeuqte¬kGmrk¼¢LerdP¡Z2qsdfeM¡{-
W\+c q;[dG¢LerdfZ'mh{-y[r¦0"[zyjGer{n~yer{ty£-wx[zk+jfXs[Jq-mrqt[zdmh{-w5rr[ok+dG[okv[omhdlylXwxdG[oy¾jGer{tk¦
  i1"&/6	/1· 	  (   ©1 6	]P
	  6	/*
WX-[q;[dG¢LerdfZ'mh{-y[]er¢W\+c­wx[zrdlmrwx[ok{ _n±³¤´IWPkJ[{¡dfer{-Z[z{¬jzª¼WXsk`X-mrqsqt[z{-kJ;[zyzmh£-kG[W\+c
XtmrkB;[[z{/euqxjGZ2¡¯z[zwJ¢Leud¼df£s{s{s{s¤eMr[d¡df[zw`{-[ji+erdf¥kz¦B§¨{]_±³´WkzªrW\+cXtmrk¼jGe¢Emuy[T{s[ ylX-mrµ
[{-r[zkmhdfkG¡{-2¢LdGeuZ jfXs[]kGqt[oyB3ty¡ji5eh¢CjGX-[zkG[	{s[ji+erdf¥xk	2TXsrXns¡j¤[zdGdferddlmMjf[zkzª-q-mhjGX mukvZ2Z2[jGdfrª
{-[ji+erdf¥'q-mhdGjG¡jGer{-kzªxdfer£xjf[¤¢Emr¡£sdf[zkmr{-wdfer£sjG[`dG[[okijlmhskvXsZ2[z{ujlkªq;eMT[zdyer{tkijfdfmr¡{¬jfkz¦
!#"%$ &('*)+)-,/.10324346587%)
WX-[¸Z'mr¡{nymr£-kG[zk+eh¢7[dfdGeudfkT{5df[[zkfkylX-mh{s{-[Bmhdf[¤jGXs[`¢Leu¡eM¡{-<2
9 "r{-mrImMjvjf[{£-mhjGer{ 2`WXsk¤kJwx£s[jfemwx[oydf[zmukv[]¡{VjGXs['{¬jG[z{-kv¡jineh¢TjGXs[2[z¡[oy¾jGdferZ'mrr{s[jGy
[{s[zdGumMj¸jGXs[2df[zy[r[d2L[u¦ t¦/wx£s[jfe5er{-?wxkijlmh{-y[oªBXsylX [zmrw-kjfe¡eM kG¡u{-mh¡jGeh {seukG[
dfmhjGen "x³¤p¾¦
9 euqsqs[d+kvXs¡¢ j-2CWXskIkws£s[jfeJjGXs[dG[zmhjGr[r[z¡exyµjf¡[okIeh¢»jfXs[jGdlmh{tkvZ2¡jvjG[zdTmr{-wjGXs[¤dG[oy[z¡u[do¦
euqsqs[d`kvX-µ¢ jJymr£-kv[ok¢Ldf[ 7¬£s[z{-ynkGXsµ¢ jlk¸¡{njfXs[2mhdfdG¡{skGr{-mrQªtjGXs[zdG[zyerZ2qsyzmMjf¡{sjGXs[
kv£tyy[okGkv¢L£sBdf[zy[qxjf¡eu{er¢jfXs[	kvr{tmh¦
9 _£s¡jGq-mMjfX©¢Emrwx{s 2/´C[zy¾jfdGeuZ'mhr{-[jGy+mNu[zk¸df[;:-[oy¾jG{snerº9erxgi[oy¾jlk`erd	wx¡º;dlmryjG{smhdfer£-{-w
erxgi[oy¾jlk¤yzmh{ndf[zkG£sµj¸¡{jGXs[2kvr{tmhBjfdfmNu[¡{-'eMr[dZ/£s¡jGqs[]q-mhjGX-k¢LdferZ jGXs[]jGdlmh{-kGZ2µjGjG[zdjGe
jGXs[Jdf[zy[r[zdz¦I_£s¡jGq-mhjGXqsdferq-mrumMjf¡eu{?yzmh{5¡[omrwjGe<:-£-yjG£-mhjGer{-k{5jGXs[	mrZ2qs¡¡jG£twx[rªsq-X-mrkG[rª
mh{-w5u[erudfmrqsXsymr;mr{sr[¤er¢jfXs[	kG¡u{-mh»df[zy[z¡u[zw5mMjmdG[oy[z¡u[do¦
§¨{¿erdlwx[djGe ¡{-ydG[omrkG[njGX-[®kG£-yy[zkfki¢L£-jfdfmr{-kvZ2kGkGer{dlmMjGe9{s¥mNu[dq-dGerjGexyeuk¡Z2qs[Z2[{¬j
jfXs[¸¢Ler¡eM{s]jG[oylXs{s87u£-[zk-27±£xjGeuZ'mMjGyJp[zqt[omMjdG[=¤£s[zkvjJE±p6=`?>Nªseud 3-erdf+mrdfw´CdGdferd\TeudGdf[zyjGer{
 37´T\¾ªuerdC;ehjGX'er¢tjfXs[ZA@u¦ 3-£sdGjGXs[zdI¡{_n±¤³´IWPkzª¬kvjfmhjGer{-k7Z'mN/df[	eu{q-X¬xkGyzmhsyzmhdfdG[dG kG[{tkv{s
BDC 7 >FE1@G =1=FH1IKJML7ONQPRSN7MTSU#V PSPSLDRXWMLYPSL%ZYPST6N7<LDRSR\[FRDHV P*I8V^]^]RSLYPSRN7TU#V PXPSJML6_`RSNaU#LFHbLDRSR\[FRcWMLYPSL%ZYPSV^[17OV^T*PSV^U#LDR
d NaTLDWeaf ]^gMLYPS[h[aPSJiV^U#jM]^LDU#L7;PT d [aPSJQk46mlnN7MWio1pq[17QT[FU#LrTSs-7MZJMR\[17M[FgMTrN7MWikrT\s7ZJMR\[17M[FgMTrZD[17 7L%ZYPSV^[17MT
Cut 6 C k
  	 "
 <% *
 ")    ~
Z2[oylX-mh{skGZjfe]wx[jG[dfZ2¡{-[wx¡[¸ylX-mh{-{s[ªxkv£-ylXmuk{'jfXs[§i´I´´¶uux¦r6J\$3V¢L£s{-yjGer{B¦IWXsk+kv[z{-ki
{s5Z2[zylX-mr{skGZ r[z{s[dlmMjf[zk¤yerZ2qs[°q-Xs[{seuZ2[{-m-ªBkv£-ylX®mrk¤jGX-[     $#-#  " mh{-w jGX-[   ?"
$#-#  "`qsdfers[Z'k -/  ¦4T[¢Lerdf[[°xqsmh{s¡{-¤jfXs[zkG[qsdfers[Z'kzªhT[{s[z[zw]jGeJymrdG¡¢LJjGX-[ ¨jfdfmr{-kvZ2kGkGer{
dlmh{-r[1jf[dfZ¦7WX-[¤jfdfmr{-kGZkfkver{?dfmr{sr[¤k+jfXs[`dfmr{sr[uª¬¡jGX5df[zkGqt[oy¾jjGejGX-[¤jfdfmr{-kGZ¡jvjf¡{-kvjfmhjGer{Bª
¡jGX-¡{XsylX5mjfdfmr{-kGZ¡jvjf[zw?q-mryl¥u[jymr{?;[	kG£-yy[zkfki¢L£sdG[oy[z¡u[zw«¦
± jiqsymrXswswx[{jf[dfZ2¡{-mrkGµjf£-mMjf¡eu{ kwx[zqsy¾jG[ow ¡{ 3P¡u£sdf[¹r¦ "¬jlmMjf¡eu{-k± mh{tw\·X-mNu[
mn¢LdfmrZ[jGejfdfmr{-kGZ¡j	jfeVkvjfmMjf¡eu{ ¸¦ "¬jlmMjGer{¶± ymr{s{serj]wx[jf[zyj'\&4 k	jfdfmr{-kvZ2kGkGer{©t[oymr£-kv[µjk
eu£xjfkGwx[`jGXs[	jGdlmh{-kGZ2kfkver{5dlmh{su[¸er¢T\¤¦ "¬jlmMjGer{ \.Ldf[zkGqB¦+±¤kjfXs[df[¢LeudG[ vXswswx[{ ¸jfekijlmMjGer{±
EdG[okvq¼¦T\¾¦ "{-y[	±|mh{-wn\jfdfmr{-kGZkfkver{mhdf[zmuk+mrdG[¸{serjwxkEgier{¬jzªxjfXs[df[`¡B;[Jq-mryl¥u[jyeu¡kver{-k
mhj$¸¦WXs[zkG[¤yer¡kver{tkIZ'mh¥u[jGX-[jGdlmh{tkvZ2kGkG¡eu{2jGeMmhdlw  qsdGeus[Z'mMjfyr¦PWe]mr¡[mMjG[jGXs[¤Xswswx[{
kvjfmhjGer{qsdfers[Zªrdvjf£-mhsyzmhdfdG[dCkG[{-kG{sJX-mrk7;[[z{'¡{¬jfdGexwx£-y[zw  ªuh:¦7§ jIkC-mrkG[zweu{2m¤ji+eh +mN
Xtmh{-wskGX-mr¥¬{s5jGXtmMj/qsdf[zy[zwx[ok	wsmhjfm5jGdlmh{tkvZ2kGkG¡eu{B¦ "xqt[oyB3tymr¡rªjGXs[?kveu£sdfy['kijlmMjGer{®jfdfmr{-kvZ2¡jfk	m
kGXseudvj]yer{¬jGdfer¢LdfmrZ2[rªCymr¡[zw p[ 7¬£s[zkvjv¨Weh"[{-wQp7W"s¾ªPjGe jGXs[wx[okijf¡{-mhjGer{ kvjfmhjGer{B¦ %q;er{9df[
y[¡{sVjGX-[p7W"9¢LdlmhZ2[rªjGXs[nwx[okijf¡{-mhjGer{kijlmMjf¡eu{9df[qs¡[ok¬¶m¹\T[zmrdv¨Weh"[{-w<\+W"s/¢LdlmhZ2[rª
{-wxymhjG{sJjfX-mMj+µjkTdG[omrwx/jGe	df[zy[r[jGX-[¤wsmhjfm`¢LdlmhZ2[r¦4+ehjfXpPW"mh{-w\+W"]¢LdlmhZ2[zkTyeu{ujlmh{2jGXs[
jfehjlmhBwx£sdlmMjf¡eu{?er¢jfXs[	wsmhjfm]jGdlmh{-kGZ2kfkG¡eu{B¦P±¡kijlmMjGer{tkdG[oy[¡{-[zµjfXs[dp7W"?erd¤\+W"?¡«¥u[[zq
kG¡[z{ujwx£-dG{sjGXs[	w-mMjfm]jfdfmr{-kvZ2kGkGer{5qt[zdGexwVE[r¦ -¦IkvjfmMjf¡eu{n\¡{ 3Pr£sdf[2o¾¦
²eMT[zr[doªImrkq;er{¬jG[zw¶er£sj2{ ¡oxªx1jfXs[Xswswx[{kvjfmMjf¡eu{¶q-dGeus¡[zZ Z'mN¹qt[zdfkGkvj2¡{ §i´I´I´
uus¦¡u	mrwnXsexy/{s[ji+erdf¥xk[u[{¡jGX jGXs[]£-kv[]eh¢IjfXs[]p7W"	u\+W"X-mr{-wskGX-mh¥u[r¦¤WX-k¤k¸wx£s[/jGe?jGXs[
¢Emuy¾j'jfX-mMjjfXs[q;eMT[zd'{s[[owx[zw ¢Leud{ujf[dfdG£-qxjG{s m©q-muyl¥r[jdf[zy[qxjf¡eu{¶kZ]£-ylX¡eM+[d2jfX-mh{jfX-mMj
er¢¸wx[z¡r[zdG{s¹m®q-mryl¥u[jkG£-yy[zkfki¢L£sr¦ 3seud'Z2erdf[ws[jfmr¡k'kG[[5jGXs[nZ2exwx[zeh¢¸jGXs[nq-X¬xkGyzmhmNr[zd
Z2qs[Z2[{¬jG[ow5¡{n³"¨  rªt   ¦
A B C
Transmission Range
Transmissions Collision
3r£-dG[2 2I²w-wx[{5jG[zdGZ2{-mh«q-dGeus¡[zZ 27c7muyl¥r[jlkkv[z{¬j+jfe  ±|mh{twn\¡¼yer¡wx[JmMj ¸¦
WXs[?[°xq;eukG[zw kvjfmhjGer{¹qsdfers[Z df[zkG£s¡jfkJ¢LdferZ mVkv¡jG£-mhjGer{¹Xs[zdG[5mnjfdfmr{-kvZ2kGkGer{©X-mrk/jGeVt[
ws[mNr[zwt[oymh£tkv[2eh¢TjGXs[jfdfmr{-kvZ2kGkGer{;[ji+[[z{ ji+e?erjGXs[zdJkijlmMjGer{tk¤¡jGX-¡{®jGX-[2kG[{twx[d4 k¤jfdfmr{-ki
Z2kGkGer{dlmh{su[r¦P§¨{ 3Pr£sdf[¸sªxT[¸kvX-eM<m	jiqsymr;kfy[z{-mhdfe/Xs[zdG[jGXs[`[°xq;eukG[zwjG[dfZ2¡{tmh»qsdfers[Z
exyzy£sdlk¦:¼[j	£-k	mukGkG£sZ2[jGX-mhj/±"mh{-w¹\mhdf[¡jGX-¡{@4 kJjGdlmh{-kGZ2kfkver{Vdfmr{sr[uª¼mh{twV±"k`er£sjfkGwx[
6,687:9<;=?>1@
)   ( 1/)(     ( #5)	  : 
\&4 k+jGdlmh{tkvZ2kGkG¡eu{dlmh{su[r¦ :B[j£-kmhkGemukGkG£sZ2[¸jGX-mhj kjGdlmh{-kGZ2µjGjG{sjGe'±	ª-mr{-w\X-mukm]¢LdfmrZ[
jfet[jGdlmh{tkvZ2¡jvjG[owjfe /¦B±yzyerdlwx{s?jGe?jGXs[yzmhdfdG[d`kv[z{-kG[]Z2[zylXtmh{skvZª\ kv[z{-kv[okJm-£-kvVylX-mh{x
{-[C;[zymr£-kG[]er¢$@4 k¤jfdfmr{-kvZ2kGkGer{B¦WXs[df[¢LeudG[uª»kvjfmhjGer{ \­¡Cdf[¢Ldlmh{¢LdferZ jfdfmr{-kGZ¡jvjf¡{-?jfe ]ª
mrµjfXser£-rXjfXskjfdfmr{-kGZkfkver{?Teu£sw{sehjymr£-kG[¤{¬jG[dG¢L[df[{ty[`mMj±	¦sWXs[¸[°xq;eukG[zwkvjfmhjGer{5qsdfers[Z
Z'mN'jfX£-kdG[okv£-µj{mdf[zwx£ty¾jGer{er¢PylX-mr{s{s[«£sjG¡¯zmhjGer{B¦
§ j/kJ+erdGjGX®{sehjf¡{-jGX-mhj	Xsw-wx[{©jf[dfZ{-mrmh{-w®[°q;eukG[zw jG[zdGZ2{-mhqsdGeus[Z'k	mhdf['yeudGdf[mMjf[zw
¡jGX¶jGX-[jGdlmh{-kGZ2kfkver{9dfmr{sr[u¦ +¹¡{tydf[zmrkG{s jfXs[5jGdlmh{-kGZ2kfkG¡eu{9dlmh{su[rªCjfXs[Xsw-wx[{¶jG[zdGZ2{-mh
q-dGeus¡[zZ exyy£sdlk¡[okGk¢Ldf[ 7¬£s[z{¬jGr¦^¤{?jfXs[	erjGXs[zdX-mh{tw«ªxjGX-[	[°xq;eukG[zw?jG[zdGZ2{-mhBq-dGeus¡[zZ ;[zyerZ2[zk
Z2eudG[CZ2qteudvjlmh{¬j¼mrk»jfXs[Cjfdfmr{-kvZ2kGkGer{¸dfmr{sr[Cwx[{¬jfD3-[ok»jGX-[mhdf[zmmhº;[oy¾jG[ow¸¬`mkG¡{su¡[7jfdfmr{-kGZkfkver{B¦
c7mryl¥u[jlk2jGdlmh{-kGZ2µjGjG[oweMr[dm®¢Emuwx{s9ylX-mr{s{s[Z2mN ymr£-kv[ndfer£sjG{s¹qsdfehjGexyerjfe¹¡{-yerdfdG[oy¾jf¡
yer{-y¡£twx[jGX-mhj'jGXs[zdG[nkm©{s[z er{s[Xseuq¶{-[rXteudz¦¿WXsker{s[Xseuq¶{-[rXteudyeu£sw qsdfeMws[m
kGXseudvjf[ddfer£sjG[Jjfe[u[{Z2eudG[/wskvjfmr{uj¸{sexwx[zkz¦ %{x¢Leudvjf£s{-mMjf[rªtjGXsk¸{s[ kGXseudvjf[ddfer£sjG[	k£tkv£-mr¡
£-{sdG[z¡mh-¡[u¦?§¨{  M: ªPjGXs[5mh£xjfXserdlkJwx[zqs¡eM "    r~:+mh{tw®±^Q    ) dGeu£xjG{snqsdfehjfeyerk`¡{ m
df[zmr¼{s[jiTeudG¥»ªtjGXs[z 3-{-wjGX-mhj¸{s[zµjfXs[d`er¢CjGXs[okv[qsdfehjGexyerkymr{qsdfeMwx[]m?kvjfmrs¡[]dGeu£xjG[]eMr[zd¤mh{
Z]£s¡jG¡Xseuq?{-[ji+erdf¥yer{-{s[zyjGer{B¦
A B C D
B’s Transmission Range
C refrains transmission
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